T and related cultured and not-yet-cultured members of the phylum Gemmatimonadetes based on almost full-length 16S rRNA gene sequences. Bar, 0.05 fixed nucleotide substitutions per site. Rhodopirellula rubra LF2 T (HQ845500), Thermostilla marina SVX8 T (KR872395), Thermogutta hypogea SBP2 T (KC867695) and Thermogutta terrifontis R1 T (KC867694) were used as outgroups. Bootstrap values above 50 % (of 1000 resamplings) are indicated at the respective branching points. Accession numbers of the respective nucleotide sequences are provided in parentheses.
been validly published (www.dsmz.de/bacterial-diversity/ prokaryotic-nomenclature-up-to-date). At least four additional strains belonging to this class have been isolated in previous studies, but to the best of our knowledge they have not been taxonomically characterized to date [13, 14] . Within the class Longimicrobia (=group 3), the family Longimicrobiaceae comprises a single genus and species, Longimicrobium terrae, for which only the type strain is available [5] . For the remaining three classes (groups 2, 4 and 5) only not-yet-cultured clones have been reported [3, 5] . It is to be expected that additional groups will be recognized once a wider diversity of cultivated representatives of the phylum Gemmatimonadetes becomes available.
While molecular tools have yielded the first insights into the biology and ecology of representatives of the phylum Gemmatimonadetes over recent years, cultured representatives are required to obtain deeper insights into the physiological and biochemical characteristics of this neglected phylum. In particular, new efforts are needed to develop new isolation and cultivation strategies which allow us to culture a wider diversity of samples in vitro [15, 16] . One successful strategy for accessing representatives of the phylum is the use of miniaturized diffusion chambers incubated in simulated environments [5] . In the present study, we used a highthroughput cultivation approach combining an oligotrophic medium, long incubation times and a low number of inoculated cells to isolate a new representative of the Gemmatimonadetes.
During a study of soil bacterial communities in agricultural soils of African savannah soils, strain AW1220
T was isolated from sample of floodplain soil used for maize cultivation and located in Mashare, Kavango region, Namibia (17 53¢ 32.4 † S, 20 11¢ 15.4 † E). The soil sample was obtained in 2012 and displayed a slightly acid pH (pH 6.6 and 6.2 measured in distilled water and in 2 mM CaCl 2 , respectively). Water content was 3.9 % (v/w) at the time of collection. In order to simulate water-saturated conditions, the soil water content was increased to 20 % (v/w). Strain AW1220 T was isolated after incubation of soil samples at 25 C for 1 week. A high-throughput cultivation approach was employed [17] [18] [19] . Briefly, the soil sample was dispersed in 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffered at pH 6.0. Cultivation experiments were set up in sterile 96-well microtiter plates containing 180 µl SSE/HD 1 : 10 medium (DSMZ medium 1426; [17] ) buffered at pH 6.0. Wells of the first row (eight wells) were inoculated with 20 µl of a 1 : 20 dilution of the soil suspension and serial dilutions (1 : 10) prepared in the subsequent wells. After six weeks of incubation at 25 C in the dark, bacterial growth was detected by turbidity [20] . Highest positive dilutions were streaked on SSE/HD 1 : 10 medium solidified with purified agar (1.5 % w/v) and cultures purified by subsequent restreaking. To initially assess the taxonomic affiliation of all axenic cultures, partial 16S rRNA gene sequencing was used. Among the isolated strains, strain AW1220
T was classified as a member of the phylum Gemmatimonadetes. Comparison of its full-length 16S rRNA gene sequence identified Gemmatimonas aurantiaca T-27 T (90.9 % gene sequence similarity), Gemmatimonas phototrophica AP64 T (90.8 %) and Longimicrobium terrae CB-286315 T (84.2 %) as the closest relatives (EzBioCloud database; [21] ). Strain AW1220
T was maintained in active growth on R2A medium (DSMZ medium 830) and SSE/HD 1 : 10 buffered at pH 7.0 using 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at 25 C. For cryopreservation in liquid nitrogen or À80 C, cell suspensions in R2A or SSE/HD 1 : 10 were supplemented with 5 % DSMO (v/v) and immediately shock frozen.
The taxonomic status of strain AW1220
T was determined by using a polyphasic approach following standard procedures. Unless otherwise stated, strain AW1220
T was routinely grown aerobically at 25 C using R2A medium solidified with 1.5 % (w/v) agar or in R2A broth for 10 days in the dark. Phenotypic characterization followed procedures outlined previously [17] [18] [19] [20] . Cells of strain AW1220 T stained Gram-negative, were rod-shaped, 0.6-16 µm long and 0.4-0.5 µm wide, and occurred as single cells (Fig. 2a,  c) . Occasionally, some cells reached an unusual length (up to 35 µm in length; Fig. 2c, d ) during the exponential phase. Septa could not be observed in elongated cells with transmission electron microscopy. Further molecular studies targeting membrane proteins present in cell division septa need to be carried out in order to confirm the unusual cell size. The ability to form long filaments is a common feature shared by other species, such as Longimicrobium terrae CB-286315 T [5] , Gemmatimonas phototrophica AP64 T [11] and 'Gemmatirosa kalamazoonensis' KBS708 [12] . For scanning electron microscopy, cells were fixed with 2.5 % (v/v) glutaraldehyde in sodium cacodylate buffer and processed as described previously [22] . For imaging of ultrathin sections, cells were high-pressure frozen and cryosubstituted as described previously [22] . Ultrastructural analysis confirmed the Gram-negative cell-wall structure of strain AW1220 T , showing an outer and an inner membrane separated by a periplasmic space with a clearly visible peptidoglycan layer (Fig. 2b) . A large portion of ribosomes was affiliated with the cytoplasmic membrane. For the first time, cell division by binary fission and budding of a member of the phylum Gemmatimonadetes was observed by using time-lapse microscopy ( Fig. 2e , movies S1 and S2, available in the online version of this article). Cells of strain AW1220
T were immobilised on a 1 % agarose pad in a MatTek glass bottom Microwell dish (35 mm dish, 14 mm Microwell with a no. 1.5 cover glass P35G-1.5-14-C) as previously described [23] , but the agarose pad was prepared with R2A medium. Images were taken using phase-contrast and a Nikon Ti microscope with a Nikon N Plan Apochromat l 100x/1.45 oil objective and an Orca Flash 4.0 Hamamatsu camera. Cell growth was observed every 5 min for 48 h at 25 C. Micrographs were subsequently aligned and analysed using NIS-Elements imaging software version 4.3 (Nikon). In addition, the formation of outer membrane vesicles (OMVs) could be visualised (Fig. 2b , movies S1 and S2). Cells revealed the dynamic segregation of OMV (movies S1 and S2). The ability to form budding structures and the presence of OMV was also reported in other species of the genera Gemmatimonas and 'Gemmatirosa' [1, 5, 12] . In addition, strain AW1220
T produced double-membrane internal structures (Fig. 2b ). Capsules and endospores were not observed after staining with India ink and malachite green, respectively. Intracellular polyphosphate accumulation was suggested by 4¢,6-diamidino-2-phenylindole (DAPI) and by the presence of electron-dense inclusion bodies in transmission electron micrographs (Fig. 2b) . Other members of the phylum Gemmatimonadetes also accumulate polyphosphate intracellularly [1, 5, 12] . Polyphosphate granules may represent an adaptation to energy and phosphate starvation.
After 10 days on solid R2A agar, round, smooth, shiny, convex, pink-pigmented small colonies (<1 mm in diameter) developed. In liquid R2A, cells did not flocculate and showed a white-pinkish colour. 'Gemmatirosa kalamazoonensis' ATCC BAA-2150 forms aggregates in broth medium [5, 12] , whereas Gemmatimonas phototrophica AP64
T was reported to be unable to grow in liquid media [11] . Strain AW1220 T was aerobic, chemoorganoheterotrophic and unable to reduce nitrate or ferment glucose (Table 1) . Growth under microoxic atmospheres was tested: (i) in liquid R2A and SSE/HD 1 : 10, pH 7.0 media in glass bottles sealed hermetically with a rubber cap and containing a headspace with 5 % O 2 ; and (ii) on solid R2A and SSE/HD 1 : 10; pH 7.0 media incubated inside a candle jar (container into which a lit candle was introduced before sealing the container's airtight lid). Although it grew optimally under aerobic conditions (21 % oxygen and 0.04 % CO 2 ), growth was also observed under microaerophilic conditions in R2A and SSE/HD pH 7.0 media after 30 days at 25 C. Under microaerophilic conditions, strain AW1220 T colonies did not develop the characteristic pink colour. Growth of strain AW1220 T under strict anoxic conditions was assessed in R2A and SSE/HD 1 : 10, pH 7.0 media in glass flasks hermetically sealed with a rubber cap and a headspace of N 2 . The inoculation of the strain was done inside an anaerobic chamber (COY Laboratory Products). Both media were supplied with NaNO 3 (10 mM), NaNO 2 (2 mM), NaSO 4 (10 mM) or fumarate (1 mM) as alternative electron acceptors. No growth was observed under strictly anaerobic conditions. Gemmatimonas aurantiaca T-27
T [1] , Longimicrobium terrae CB-286315 T [5] and 'Gemmatirosa kalamazoonensis' KBS708 [12] are also aerobic chemoorganoheterotrophic bacteria.
Gemmatimonas aurantiaca T-27
T and Longimicrobium terrae CB-286315 T tolerate microaerophilic conditions, whereas 'Gemmatirosa kalamazoonensis' KBS708 grows optimally under microaerophilic conditions [12] (Table 1) . Gemmatimonas phototrophica AP64
T is a microaerophilic, bacteriochlorophyll a-containing bacterium with a facultatively photoheterotrophic metabolism [11] .
Strain AW1220
T tested positive for catalase and negative for cytochrome-c oxidase, similar to all other species of the phylum except 'Gemmatirosa kalamazoonensis' KBS708, which [1] . ‡Reported as 6.0-10.0 (7.0-7.5) by Zeng et al. [11] . §Reported as 0-0.8 by Zeng et al. [11] . ||Based on published genome sequences. ¶Reported as C (optimum 37 C) by Debruyn et al. [12] .
does not synthesize catalase (Table 1) . Growth ranges and optima of temperature and pH were determined in oxic conditions in liquid R2A medium as described before [20] . Depending on the pH, MES, HEPES, HEPPS or CHES (from Sigma-Aldrich or AppliChem; 10 mM each) were used as buffers. Growth was determined by measuring the OD 660 . Optimal growth was defined as !75 % of the highest growth rate achieved. Strain AW1220 T was able to grow at between 15 and 36 C with a temperature optimum of 20-25 C. No growth was observed at 10 or 40 C. Growth was observed between pH 6.4 and 8.4 and was optimal between pH 7.0 and 7.5. The NaCl tolerance range of strain AW1220
T was 0-0.25 % (w/v) and growth was optimal at 0 % (w/v). The temperature, pH and salinity ranges of strain AW1220
T were comparable to those of the other members of the phylum (Table 1 ). All the representatives of the phylum cultivated so far are mesophilic. Under optimal conditions, the generation time of strain AW1220
T was 25.3 h (determined by measuring the OD 660 ).
For physiological tests, commercial, miniaturized API 20NE and API ZYM galleries (BioM erieux) were used following the instructions of the manufacturer. API 20NE tests were examined after 48 h except for assimilation/oxidation of substrates which were examined after 2 weeks. Exoenzymatic activities of the API ZYM gallery were determined after 4 h of incubation. Strain AW1220
T tested negative for reduction of nitrates, indole production, fermentation of glucose, arginine dihydrolase, urease and ß-galactosidase. However, it showed a positive response for aesculin hydrolysis (b-glucosidase) activity and gelatinase. 'Gemmatirosa kalamazoonensis' ATCC BAA-2150 T and Longimicrobium terrae CB-286315
T also showed a positive activity for gelatinase while the response of Gemmatimonas aurantiaca DSM 14586 T is variable (Table 1) . Strain AW1220 T was found to be unable to use any carbon source provided in the API 20NE test, which might be either due to the high concentration of nutrients provided in these commercial kits or due to its actual inability to use the provided substrates. Similar observations were made for other Gemmatimonas, 'Gemmatirosa' and Longimicrobium species [5] . Among exoenzymatic activities, strain AW1220
T showed a preference towards phosphate-containing compounds (alkaline and acid phosphatase and naphtol-AS-BI-phosphohydrolase), proteins (leucine arylaminidase, trypsin and a-chymotrypsin) and glycosides (N-acetyl-b-glucosaminidase). The different patterns of exoenzymatic activity (namely esterases C4 and C8, valine arylamidase, a-chymotrypsin and N-acetyl-b-glucosaminidase) allowed us to differentiate between strain AW1220
T and other Gemmatimonas, 'Gemmatirosa' and Longimicrobium species ( Table 1) .
Because of the failure of API 20NE tests, the individual carbon substrates used by strain AW1220
T were analysed in triplicate growth tests using SSE (pH 7.0) as the basal medium containing 10 mM HEPES, 1 ml trace element solution SL 10, and 1 ml vitamin solution per litre [17] [18] [19] . The final concentration of each substrate was as previously described [20] .
Substrates were scored as positive when the final OD 660 (mean of the parallels) exceeded the control value (culture without the addition of substrate) 1.5 times. Out of 108 single carbon substrates tested, strain AW1220
T grew on only 18. The full list of substrates tested is provided in the formal description of the taxon. Strain AW1220
T showed a preference for complex protein substrates like casamino acids, casein hydrolysate, yeast extract and peptone. In addition, it assimilated pentose alcohols (D-adonitol), esters (acetate, butyrate, formate, isobutyrate, L-glutamate), ketones (b-hydroxybutyrate, g-hydroxybutyrate), amino acids (tyrosine, serine, phenylalanine, glycine), phenolic acids (protocatechuate) and fermented rumen extract. Since representatives of the genera Gemmatimonas, 'Gemmatirosa' and Longimicrobium species also preferably use complex proteinaceous substrates, this seems to be a common feature of members of the phylum Gemmatimonadetes [1, 5, 11, 12] .
For fatty acid analysis, strain AW1220
T was grown on R2A solid medium at 25 C up to the late-exponential phase. Fatty acids were extracted, saponified and methylated according the standard protocols. Individual fatty acid methyl esters were identified using the Microbial Identification System using the TSBA40 library (MIDI Microbial Identification System; [24] ). The fatty acid profile of strain AW1220
T included straight-chain, methyl-and hydroxyl-branched saturated, and monounsaturated fatty acids ( Table 2 ). The major fatty acids were iso-C 15 : 0 (35.4 %), C 16 : 1 !7c and/or iso-C 15 : 0 2-OH (28.7 %), iso-C 17 : 1 !9c (7.6 %), iso-C 15 : 0 3-OH (5.6 %) and C 16 : 0 (5.5 %). This confirms that members of the phylum Gemmatimonadetes are characterised by large amounts of C 16 : 1 !7c [1, 5, 11, 12] . However, some diagnostic fatty acids allow differentiation between the cultivated representatives of the phylum Gemmatimonadetes. The methylbranched fatty acid iso-C 15 : 0 is a major fatty acid found in strain AW1220
T and other Gemmatimonadaceae species except for Gemmatimonas phototrophica AP64
T . Gemmatimonas phototrophica AP64 T contains major amounts of C 14 : 1 and C 18 : 1 !9c. 'Gemmatirosa kalamazoonensis' KBS708 and Longimicrobium terrae CB-286315
T synthesize large amounts (>36.2 %) of iso-C 17 : 1 !9c, in contrast to other species.
The polar lipid composition of AW1220
T was analysed by two-dimensional thin-layer chromatography (TLC) [25, 26] and included major amounts of phosphatidylethanolamine, phosphatidylcholine, diphosphatidylglycerol and one unidentified phosphoglycolipid. In addition, two unidentified aminophosphoglycolipids and one aminoglycolipid were reported at lower concentrations (Fig. S1) . The polar lipid profile of Longimicrobium terrae CB-286315 T , the only Gemmatimonadetes species whose polar lipid profile has been analysed to date, is similar to that of AW1220 T except for the presence of phosphatidylglycerol instead of diphosphatidylglycerol [5] (Table 1) . Thus, the polar lipid profiles of the members of two classes of the Gemmatimonadetes are similar.
Isoprenoid quinones were extracted from dried biomass with chloroform/methanol (2 : 1, v/v) [27] and analysed via highperformance liquid chromatography (HPLC) [28] . The predominant respiratory menaquinone of strain AW1220
T was MK-9, similar to Gemmatimonas aurantiaca T-27
T [1] and 'Gemmatirosa kalamazoonensis' KBS708 [12] . In contrast, the predominant menaquinone of Longimicrobium terrae CB-286315 T [5] and Gemmatimonas phototrophica AP64
T [11] is MK-8. In addition, strain AW1220 T also produced small amounts of MK-8 and MK-10.
The almost full-length 16S rRNA gene of strain AW1220 T was amplified and sequenced following the methodology detailed by Pascual et al. [17, 18] . The sequence of strain AW1220 T (MF363155) was 1496 nt in length. Additional 16S rRNA gene sequences used in this study were acquired from public databases [7, 29] and their accession numbers are provided with the phylogenetic trees (Figs 1 and S2) . According to the EzBioCloud database [21] , strain AW1220
T was identified as a member of the class Gemmatimonadetes. Closest relatives were Gemmatimonas aurantiaca T-27
T , Gemmatimonas phototrophica AP64 T and Longimicrobium terrae CB-286315 T , which shared 90.9, 90.8 and 84.2 % 16S rRNA gene sequence similarity, respectively. For multiple sequence alignments the SINA alignment tool from the ARB-SILVA website [30] was employed. Nucleotide sequence alignments were inspected visually to identify uncertain alignments, which were corrected or omitted from downstream analysis. Phylogenetic analysis was performed using the program PAUP* version 4.0b10 [31] . Neighbour-joining (NJ; with Kimura's two-parameter evolutionary model), maximum-parsimony (MP; heuristic search option) and maximum-likelihood (ML) analyses were performed. Since the lengths of the sequences used were uneven, analyses were performed by means of a pairwise deletion method for gaps and missing sites, using all available comparative data from each sequence pair [32] . For ML, the optimal evolutionary model of nucleotide substitution was estimated through the program jmodeltest2 [33] following the Akaike Information Criterion. Bootstrap analyses were performed using 1000 replications. The three phylogenetic trees, NJ, MP and ML (Figs 1 and S2) , confirmed the phylogenetic affiliation of strain AW1220
T with the class Gemmatimonadetes. The new isolate forms a monophyletic clade with the species 'Gemmatirosa kalamazoonensis' KBS708 (92.6 %) and other not-yet-cultured clones. The phylogenetically closest clone found in the SILVA SSU 128 Ref NR database [7] was clone Crystal18 recovered from a hypolithic slime sample (93.5 % sequence similarity) [34] (Figs 1 and S2 ). All major phylogenetic clades were supported by high bootstrap values, confirming the robustness of this phylogenetic inference. Gemmatimonas aurantiaca T-27 T , Gemmatimonas phototrophica AP64 T and other not-yet-taxonomically characterized strains (namely Ellin5220, Ellin5290, Ellin5301 [13] and Ellin7146 [14] ) represent independent and distant clusters of the class Gemmatimonadetes (Figs 1 and S2) . The 16S rRNA gene sequence similarity between strain AW1220
T and any validly named Gemmatimonas species was lower than 94.5 %, the threshold proposed by Yarza et al. [35] to differentiate among bacterial genera. The taxonomic novelty of strain AW1220
T is also evident from the low gene sequence similarity to any of the not-yet-cultured clones (<93.5 %).
The genomic DNA of the phylum Gemmatimonadetes is characterized by a high G+C content. The molar G+C content of genomic DNA was analysed by HPLC according to Tamaoka and Komagata [36] , and Mesbah et al. [37] . The G+C content of the genomic DNA of strain 
